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ABSTRACT
We investigate the local properties of WMAP Cold Spot (CS) by defining the local
statistics: mean temperature, variance, skewness and kurtosis. We find that, compared
with the coldest spots in random Gaussian simulations, WMAP CS deviates from
Gaussianity at ∼ 99% significant level. In the meanwhile, when compared with the
spots at the same position in the simulated maps, the values of local variance and
skewness around CS are all systematically larger in the scale of R > 5◦, which implies
that WMAP CS is a large-scale non-Gaussian structure, rather than a combination
of some small structures. This is consistent with the finding that the non-Gaussianity
of CS is totally encoded in the WMAP low multipoles. Furthermore, we find that the
cosmic texture can excellently explain all the anomalies in these statistics.
Key words: Cosmic Microwave Background – Observations
1 INTRODUCTION
Cosmic Microwave Background (CMB) radiation is one
of the most ancient fossils of the Universe. The observa-
tions of the NASA Wilkinson Microwave Anisotropy Probe
(WMAP) satellite on the CMB temperature and polariza-
tion anisotropies have put tight constraints on the cosmo-
logical parameters (Komatsu et al. 2011). In addition, some
anomalies in CMB field have also been reported soon after
the release of the WMAP data (see (Bennett et al. 2011)
as a review). Among these, an extremely Cold Spot (CS)
centered at Galactic coordinate (l = 209◦, b = −57◦) with
a characteristic scale about 10◦ was detected in the Spher-
ical Mexican Hat Wavelet (SMHW) non-Gaussian analyses
(Vielva et al. 2004).
Compared with the distribution derived from the
isotropic and Gaussian CMB simulations, due to this CS, the
SMHW coefficients of WMAP data have an excess of kur-
tosis (Cruz et al. 2005). In addition, several non-Gaussian
statistics, such as the amplitude and area of the cold spot,
the higher criticism and so on, have also been applied to
identify this WMAP CS (Cruz et al. 2007a, 2005; Cayon et
al. 2005; Naselsky et al. 2010; Zhang & Huterer 2010; Vielva
2010). Since then, various alternative explanations for the
CS have been proposed, including the possible foregrounds
(Cruz et al. 2006; Hansen et al. 2012), Sunyaev-Zeldovich
effect (Cruz et al. 2008), the supervoid in the Universe
(Inoue & Silk 2006, 2007; Inoue 2012), and the cosmic
texture (Cruz et al. 2007b, 2008). In order to distinguish
different interpretations, some analyses have been carried
out, such as the non-Gaussian tests for the different de-
tectors and different frequency channels of WMAP satellite
(Vielva et al. 2004; Cruz et al. 2005), the investigation of the
NVSS sources (Rudnick et al. 2007; Smith & Huterer 2010),
the survey around the CS with MegaCam on the Canada-
France-Hawaii Telescope (Granett et al. 2009), the redshift
survey using VIMOS on VLT towards CS (Bremer et al.
2010), and the cross-correlation between WMAP and Fara-
day depth rotation map (Hansen et al. 2012).
Nearly all the interpretations of CS are related to the
local characters of the CMB field, so the studies on the lo-
cal properties of CS are necessary. In this paper, we shall
propose a set of novel non-Gaussian statistics, i.e. the local
mean temperature, variance, skewness and kurtosis, to study
the local properties of the CMB field. By altering the radium
of the cap around CS, we study the local properties of CS at
different scales. Compared with the coldest spots in the ran-
dom Gaussian simulations, we find the local non-Gaussianity
of WMAP CS, i.e. it deviates from Gaussianity at ∼ 99%
significant level. Furthermore, we find the significant differ-
ence between WMAP CS and Gaussian simulations at all
the scales 1◦ 6 R 6 15◦.
To study the possible origin of WMAP CS, we have also
compared it with the spots at the same position of the simu-
lated Gaussian samples. We find that different from the gen-
eral properties of the foregrounds, the point sources or var-
ious local contaminations, in the small scales the local vari-
ance, skewness and kurtosis values of CS are not significantly
large, except for its coldness in temperature. However, after
the careful comparison with Gaussian simulations, we find
that when R > 5◦ the local variance and skewness are sys-
tematically large. This implies that CS prefers a large-scale
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non-Gaussian structure. In order to confirm it, we repeat
the analyses adopted by many authors, where the statistics
of temperature and kurtosis in SMHW domain are used.
We apply these analyses to the WMAP data with different
lmax, and find that nearly all the non-Gaussianities of CS
are encoded in the low multipoles l 6 40.
It was claimed that the cosmic texture seemed to be
the most promising explanation (Cruz et al. 2007b, 2008),
by investigating the temperature and area of CS. In order
to check this explanation by our local statistics, we super-
impose a similar cosmic texture into the simulated Gaussian
samples, and calculate the local statistics of the CMB fields.
We find that the excesses of the local statistics of WMAP
CS can be excellently explained by this non-Gaussian struc-
ture. So our local analyses of the CS supports the cosmic
texture explanation.
The rest of the paper is organized as follows: In Sec-
tion 2, we introduce the WMAP data, which will be used
in the analyses. In Section 3, we define the local statistics
and apply them to WMAP data. In Section 4, the depen-
dence of the WMAP non-Gaussianities on the value of lmax
are studied, which shows that the non-Gaussian signals are
all encoded in the low multipoles. Section 5 summarizes the
main results of this paper.
2 WMAP DATA AND SIMULATIONS
In our analyses, we shall use the WMAP data including the
VW7 map, ILC7 map and NILC5 map.
2.1 VW7
The CMB temperature maps derived from the WMAP ob-
servations are pixelized in HEALPix format with the total
number of pixels Npix = 12N
2
side. In our analyses, we use
the 7-year WMAP data for V and W frequency bands with
Nside = 512. The linearly co-added map (written as “VW7”)
is constructed by using an inverse weight of the pixel-noise
variance σ20/N¯obs, where σ0 denotes the pixel noise for each
differential assembly (DA) and N¯obs represents the full-sky
average of the effective number of observations for each pixel.
2.2 ILC7 and NILC5
The WMAP instrument is composed of 10 DAs spanning
five frequencies from 23 to 94 GHz (Bennett et al. 2003).
The internal linear combination (ILC) method has been used
by WMAP team to generate the WMAP ILC maps (Hin-
shaw et al. 2007; Gold et al. 2011). The 7-year ILC (writ-
ten as “ILC7”) map is a weighted combination from all five
original frequency bands, which are smoothed to a common
resolution of one degree. For the 5-year WMAP data, in
(Delabrouille et al. 2009) the authors have made a higher
resolution CMB ILC map (written as “NILC5”), an imple-
mentation of a constrained linear combination of the chan-
nels with minimum error variance on a frame of spherical
called needlets1. In this paper, we will also consider both
1 The similar map for 7-year WMAP data is recently gotten in
(Basak & Delabrouille 2012).
these ILC maps for the analysis. Note that all these WMAP
data have the same resolution parameter Nside = 512, and
the corresponding total pixel number Npix = 3145728.
In comparison with WMAP observations to give con-
straints on the statistics, a ΛCDM cosmological model is
assumed with the parameters given by the WMAP 7-year
best-fit values (Komatsu et al. 2011): 100Ωbh
2 = 2.255,
Ωch
2 = 0.1126, ΩΛ = 0.725, ns = 0.968, τ = 0.088 and
∆2R(k0) = 2.430 × 10−9 at k0 = 0.002Mpc−1. We simulate
the CMB maps for each frequency channel by considering
the WMAP beam resolution and instrument noise, and then
co-add them with inverse weight of the full-sky averaged
pixel-noise variance in each frequency to get the simulated
VW7 maps. Similar to the previous work (Hansen et al.
2012), to simulate the ILC7 map, we ignore the noises and
smooth the simulated map with one degree resolution. And
for NILC5, we consider the noise level and beam window
function given in (Delabrouille et al. 2009). In all the ran-
dom Gaussian simulations, we assume that the temperature
fluctuations and instrument noise follow the Gaussian dis-
tribution, and do not consider any effect due to the residual
foreground contaminations.
3 LOCAL PROPERTIES OF THE CMB FIELD
3.1 Local statistics
In this section, we shall investigate the local properties of
the CMB field, especially the WMAP Cold Spot, by using
the local statistics: mean temperature, variance, skewness
and kurtosis.
The statistics of local skewness and kurtosis were firstly
introduced in (Bernui & Reboucas 2009). For a given CMB
map with Nside = 512 (VW7, ILC7 or NILC5), we degrade
it to the lower resolution Nside = 256 to reduce the effect of
the noises. And then, for this degraded map, the construc-
tive process can be formalized as follows: Let Ω(θj , φj ;R)
be a spherical cap with an aperture of R degree, centered at
(θj , φj). We can define the functions M (mean temperature),
V (standard deviation), S (skewness) and K (kurtosis) that
assign to the jth cap, centered at (θj , φj) by the following
way:
Mj(R) =
1
Np
Np∑
i=1
Ti,
Vj(R) =
(
1
Np
Np∑
i=1
T 2i
)1/2
,
Sj(R) =
1
NpV 3j
Np∑
i=1
T 3i ,
Kj(R) =
1
NpV 4j
Np∑
i=1
T 4i − 3, (1)
where Np is the number of pixels in the j
th cap, Ti is the
temperature at ith pixel. Obviously, the values Sj and Kj
obtained in this way for each cap can be viewed as the mea-
sures of non-Gaussianity in the direction of the center of the
cap (θj , φj). For a given aperture R, we scan the celestial
sphere with evenly distributed spherical caps, and build the
c© 2012 RAS, MNRAS 000, 1–9
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Figure 1. The K(R) (left) and K¯(R) (right) maps for VW7 data.
In both maps, we have adopted R = 2◦.
M(R)-, V (R)-, S(R)-, K(R)-maps. In our analyses, we have
chosen the locations of centroids of spots to be the pixels in
Nside = 64 resolution. By choosing different R values, one
can study the local properties of the CMB field at different
scales. In (Bernui & Reboucas 2009, 2010, 2012), the statis-
tics Sj(R) and Kj(R) with large R values have been applied
to study the large-scale global non-Gaussianity in the CMB
field. However, in this paper we shall apply them to study
the CMB local properties.
It is important to mention that these definitions can-
not well localize the non-Gaussian sources. For example, in
Fig. 1 the kurtosis map K(R) (left panel), we find the clear
circular morphology around the point sources. This means
that the values of Kj always maximize/minimize at the edge
of the circles, rather than the center of the circles. To over-
come it and localize the non-Gaussian sources, it is better
to define the following average quantities,
X¯j(R) =
1
Np
Np∑
j=1
Xj(R), (2)
where X = M,V, S,K for mean temperature, standard de-
viation, skewness and kurtosis. Xj is the corresponding lo-
cal quantities defined above, and Np is again the number
of pixels in the jth cap. For the comparison, we plot the
corresponding K¯(R) in the right panel of Fig. 1.
Now, let us apply the method to the CMB maps. Firstly,
we consider the VW7 map. By choosing R = 2◦, we plot
X¯(R) maps in Fig. 2. The figures clearly show that these
local statistics are sensitive to the foreground residuals and
various point sources. From M¯ -map, one finds that most
non-Gaussianities come from the Galactic plane around b =
0◦. However, from V¯ -, S¯- and K¯-maps, various extra point
sources far from the Galactic plane are clearly presented.
These contaminations can be well excluded by the KQ75y7
mask (Gold et al. 2011), which is clearly shown in Fig. 3. In
this figure, we plot the same figures as those in Fig. 2, but
the mask is applied.
Similarly, we also apply the method to ILC7 and NILC5
maps by choosing R = 2◦. The results are shown in Fig.
4 and Fig. 5. We find that these ILC maps are much
cleaner than VW7 map in all the four M¯ -, V¯ -, S¯-, K¯-
maps. Even so, from the V¯ -, S¯-, K¯-maps, we also find
some non-Gaussian sources in the Galactic plane. In ad-
dition, two significant sources at (l = 209.5◦, b = −20.1◦)
and (l = 184.9◦, b = −5.98◦) are clearly presented in ILC7
maps, which have been identified as the known point sources,
and excluded by the KQ75y7 mask. NILC5 map is slightly
clearer than ILC7, especially the significant point sources at
(l = 209.5◦, b = −20.1◦) and (l = 184.9◦, b = −5.98◦) disap-
Figure 2. Clockwise, M¯(R) map, V¯ (R) map, S¯(R) map and
K¯(R) map for VW7, where R = 2◦. Note that the M¯(R) and
V¯ (R) maps have the unit: mK.
Figure 3. Same as Fig. 2, but KQ75y7 mask has been applied.
pear now. But the contaminations in the Galactic plane are
still quite significant.
3.2 The local properties of WMAP Cold Spot
In this subsection, we shall focus on the local statistics for
WMAP CS, and compare with those of the coldest spot in
random Gaussian simulations. For a given X¯(R) map (R =
M,V, S or K) derived from WMAP data, the values of X¯(R)
centered at CS are calculated for the scales of R = 1◦, 2◦,
3◦, 4◦, 5◦, 6◦, 7◦, 8◦, 9◦, 10◦, 11◦, 12◦, 13◦, 14◦, 15◦. From
Fig. 2, we find in the maps derived from VW7 data, there
are many point sources. So, for a fair comparison, in this
subsection we shall only consider the ILC7 and NILC5 maps.
Figure 4. Same as Fig. 2, but VW7 map is replaced by ILC7
map.
c© 2012 RAS, MNRAS 000, 1–9
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Figure 5. Same as Fig. 2, but VW7 map is replaced by NILC5
map.
The statistics for the ILC7 maps are displayed in Fig. 6. We
compare them with 500 Gaussian simulations.
For each simulated temperature anisotropy map ∆T (nˆ)
with Nside = 512, we search for the coldest spot and its
position (lc, bc), which will be used for the comparison. By
the exactly same process, we derive the corresponding X¯(R)
maps. Then, for each X and R, we study the distribution of
500 X¯c(R) values (X¯c(R) is the statistic of the coldest spot
in the corresponding simulation), and construct the confi-
dent intervals for the statistic. The 68% and 95% confident
intervals are illustrated in Fig. 6.
As we can imagine, if CS is simply cold without any
other non-Gaussianity, the statistics for V¯ , S¯ and K¯ should
be normal, i.e. close to the mean values of Gaussian simula-
tions for any R. On the other hand, if CS is a combination
of some small-scale non-Gaussian structures, as some expla-
nations in (Cruz et al. 2006), the local variance, skewness
and kurtosis in small scales should be quite large. However,
as we will show below, none of these is the case of WMAP
CS.
From Fig. 6, we find that for M¯ statistic, WMAP CS
is excellently consistent with Gaussian simulations when
R 6 5◦. However, when R > 10◦, it deviates from simu-
lations at more than 95% confident level. This is caused by
the fact that WMAP CS is surrounded by an anomalous
hot ring-like structure, which is firstly noticed by Zhang &
Hunterer in (Zhang & Huterer 2010). For V¯ statistic, devi-
ations from Gaussianity outside the 95% confident regions
are at the scales R < 2◦ and R > 6◦. Furthermore, the de-
viations outside the 95% confident regions are detected in
skewness at scales of R < 5◦ and in kurtosis at scales of
4◦ < R < 7◦. For the NILC5 map, the similar deviations for
these statistics have also been derived.
Combining these results, we find that WMAP CS seems
to be a nontrivial large-scale structure, rather than a combi-
nation of some small non-Gaussian structures (for instance,
the point sources or foreground residuals, which always fol-
low the non-Gaussianity in the small scales as shown in Fig.
2). This is one of the main conclusions of this paper.
We now consider, in more details, the most significant
deviation from Gaussianity obtained in Fig. 6. Similar to
(McEwen et al. 2005), for each panel of Fig. 6, we define the
χ2 statistic as follows:
χ2Y =
∑
Ri,Rj
(Y0(Ri)− Y (Ri))Σ−1ij (Y0(Rj)− Y (Rj)), (3)
Figure 6. Four statistics for the coldest spots. Confidence regions
obtained from 500 Monte Carlo simulations are shown for 68 per
cent (dark central region, red online) and 95 per cent (light outer
region, yellow online) levels, as is the mean (solid blue line). The
observed statistics for WMAP ILC7 map are shown by the solid
dots (black online).
where Y = M¯, V¯ , S¯, K¯. Ri and Rj run through 1
◦ to
15◦. Y0(Ri) are the values of the statistics for WMAP CS,
and Y (Ri) are those for the simulations. Y (Ri) is aver-
age value of Y (Ri). Σ is the covariance matrix of the vec-
tor Y (Ri). Note that the correlations between M¯(Ri) and
M¯(Rj) (i 6= j) are very strong (the corresponding correla-
tion coefficienta are all larger than 0.6), which significantly
affect the corresponding χ2M¯ value, especially when the val-
ues of Y0(Ri) − Y (Ri) oscillate for different Ri. The total
value can also be defined as χ2tot = χ
2
M¯ + χ
2
V¯ + χ
2
S¯ + χ
2
K¯ .
We list the χ2Y values (Case 1) in Table 1 for ILC7 and in
Table 2 for NILC5. In order to be compared with Gaussian
simulations, for each realization, we repeat the calculation in
Eq.(3), but the quantities Y0(Ri) of WMAP CS are replaced
by the corresponding quantities of the Gaussian realization.
Fig. 7 illustrates the histogram of χ2tot statistic for the ILC7
based map, where we find that WMAP CS in ILC7 deviates
from Gaussianity at the 99.0% significant level. At the same
time, we also obtain the same results from NILC5 map.
3.3 Compared with simulations including cosmic
texture
In (Cruz et al. 2007b, 2008), by studying the temperature
and area of CS, the authors found that the cosmic texture,
rather than the other explanations, provided an excellent
c© 2012 RAS, MNRAS 000, 1–9
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Figure 7. Histogram of the χ2tot statistic for the coldest spots
obtained from 500 Monte Carlo simulations. The observed statis-
tic for WMAP ILC7 map is shown by the solid vertical line (red
online).
Table 1. The χ2 values of various statistics for ILC7 based
maps. In Case 1, WMAP CS compares with the coldest spots
in 500 random Gaussian simulations, in Case 2, WMAP CS
compares with the spots at (l = 209◦,b = −57◦) in 500 simu-
lations, and Case 3 is same with Case 2, but a cosmic texture
has been superimposed in each simulated sample.
χ2
M¯
χ2
V¯
χ2
S¯
χ2
K¯
χ2tot
Case 1 32.95 34.95 24.13 12.64 104.66
Case 2 35.16 43.27 31.83 10.46 120.73
Case 3 34.01 29.04 12.76 7.40 83.21
interpretation for the WMAP CS2. In this subsection, we
shall study whether the local anomalies of CS found in this
work are consistent with the cosmic texture explanation.
2 In the review paper (Vielva 2010), one can find some other
explanations, and the corresponding criticisms, which will not be
considered in this paper.
Table 2. Same as Table 1, but for NILC5 maps.
χ2
M¯
χ2
V¯
χ2
S¯
χ2
K¯
χ2tot
Case 1 31.59 26.27 35.42 11.73 105.02
Case 2 33.67 36.23 43.24 13.54 126.68
Case 3 31.17 25.27 19.82 11.03 87.29
We firstly study how the WMAP CS deviates from the
normal spot of the CMB map. We compare the CS with
the spots at (l = 209◦, b = −57◦) in the Gaussian random
simulations. The statistics are displayed in Fig. 8, with the
confidence intervals constructed from the Monte Carlo sim-
ulations. As anticipated, we find that the CS is colder than
simulations in the small scales. Especially, when R 6 4◦, it
deviates from simulations at more than 95% confident level.
However, as R increases, the deviation becomes smaller and
smaller. Furthermore, we find that for the V¯ and S¯ statistics,
WMAP CS deviates from simulations at larger scales, i.e. it
deviates at more than 95% confident level when R > 4◦ for
the V¯ statistic and when R > 12◦ for the S¯ statistic. The
similar results are also obtained from NILC5 map and the
masked VW7 map (see Fig. 9).
The χ2 statistic defined in Eq.(3) is also applied here. In
Tables 1, 2 and 3 (Case 2), we list the values of χ2Y and χ
2
tot
for ILC7, NILC5 and masked VW7, respectively. Compared
with the Gaussian simulations, ILC7 CS deviates from Gaus-
sianity at the 99.0% significant level (see Fig. 10), NILC5 CS
deviates at the 89.8% significant level, and the masked VW7
CS deviates at the 99.4% significant level (see Fig. 11).
Now, let us study the cosmic texture interpretation. The
profile for the CMB temperature fluctuation caused by a
collapsing cosmic texture is given by
∆T
T
= −

ε√
1+4
(
ϑ
ϑc
)2 if ϑ 6 ϑ∗
ε
2
e
− 1
2ϑ2c
(ϑ2+ϑ2∗)
if ϑ > ϑ∗
, (4)
where ϑ is the angle from the center. ε is the amplitude
parameter, and ϑc is the scale parameter. ϑ∗ =
√
3/2ϑc. By
the Bayesian analysis, the texture parameters were obtained
ε = 7.3+2.5−3.6 × 10−5 and ϑc = 4.9+2.8−2.4deg at 95% confidence
(Cruz et al. 2007b).
In our calculation, we adopt the best-fit texture param-
eters ε = 7.3 × 10−5 and ϑc = 4.9◦. Now, in order to tak-
ing the cosmic texture into account, for each realization we
superimpose the texture morphology at the same position
(l = 209◦, b = −57◦), and repeat the exactly same analy-
ses. The results are also shown in Figs. 12-15. Interestingly
enough, we find that WMAP CS is exactly consistent with
the simulations if the cosmic texture is considered. For each
statistic, the value of WMAP CS is equal to the mean value
of simulations in nearly 1-σ confident level.
From Tables 1-3, we find that once the cosmic tex-
ture is considered in simulations, compared with the pure
Gaussian samples, every χ2Y value reduces, especially for
Y = V¯ and Y = S¯. Note that the χ2Y value for Y = M¯ has
no significantly reduction, which is caused by the follow-
ing two facts: First, the cross-correlations between M¯(Ri)
and M¯(Rj) (i 6= j) are very strong; Second, the values of
Y0(Ri)− Y¯ (Ri) oscillate for different Ri. For the χ2tot statis-
tic of ILC7 CS, the significant level of the deviation from
simulations reduces to 90.0%, and that of VW7 CS becomes
87.4%. So, we conclude that the cosmic texture can excel-
lently account for the excesses of M¯ , V¯ and S¯ of WMAP
CS, and the local analyses of WMAP CS strongly support
the cosmic texture explanation.
c© 2012 RAS, MNRAS 000, 1–9
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Figure 8. Four statistics for the spot at (l = 209◦, b = −57◦).
Confidence regions obtained from 500 Monte Carlo simulations
are shown for 68 per cent (dark central region, red online) and 95
per cent (light outer region, yellow online) levels, as is the mean
(solid blue line). The observed statistics for WMAP ILC7 map
are shown by the solid dots (black online).
Table 3. Same as Table 1, but for the masked VW7 maps in
Case 2 and Case 3.
χ2
M¯
χ2
V¯
χ2
S¯
χ2
K¯
χ2tot
Case 2 32.67 38.40 46.00 15.90 132.97
Case 3 16.12 22.97 30.53 10.52 80.14
4 COLD SPOT AND WMAP LOW
MULTIPOLES
If WMAP CS is a large-scale non-Gaussian structure, as we
have found in previous section, the non-Gaussianity caused
by CS should be encoded in the low multipoles, rather than
the high multipoles. In this section, we shall confirm it by
studying the effect of different multipoles on the WMAP
non-Gaussian signals.
Following (Vielva et al. 2004; Cruz et al. 2005, 2006;
Zhang & Huterer 2010), in this section we study the non-
Gaussianity of WMAP data by using the wavelet transform,
which can emphasize or amplify some features of the CMB
data at a particular scale. The SMHWs are defined as
Ψ(θ;R) = A(R)(1 + (
y
2
)2)2(2− (y
2
)2)e−y
2/2R2 , (5)
where y ≡ 2 tan(θ/2) is the stereographic projection vari-
able, and θ ∈ [0, pi) is the co-latitude. R is the scale, and A
Figure 9. Same as Fig. 8, but ILC7 map is replaced by the
masked VW7 maps.
is the constant for the normalization, which can be written
as
A(R) =
[
2piR2
(
1 +
R2
2
+
R4
4
)]−1/2
. (6)
The continuous wavelet transform stereographically
projected over the sphere with respect to Ψ(θ;R) is given
by
Tw(rˆ;R) =
∫
dΩ′T (rˆ + rˆ′)Ψ(θ′;R), (7)
where rˆ = (θ, φ) and rˆ′ = (θ′, φ′) are the stereographic pro-
jections to sphere of center of the spot and the dummy lo-
cation, respectively. In our analyses of this section, the loca-
tions of centroids of spots are chosen to be centers of pixels
in Nside = 32 resolution. Following (Zhang & Huterer 2010),
we define the occupancy fraction as follows to account for
the masked parts of the sky,
Nw(rˆ;R) =
∫
dΩ′M(rˆ + rˆ′)Ψ2(θ′;R), (8)
where M(rˆ) is KQ75y7 mask (Gold et al. 2011). In order
to reduce the biases due to masking, we only include the
results of for which Nw(rˆ;R) > 0.95.
In our analyses of this section, we shall consider the
VW7 and ILC7 data. We degrade them to a lower resolution
Nside = 128, then apply the KQ75y7 mask. For each masked
WMAP data, we use the SMHW transform in Eq. (7) to
get the corresponding map in wavelet domain Tw(rˆ;R). To
investigate the non-Gaussianity in different scales, for each
map we consider the cases with R = 1◦, 2◦, 3◦, 4◦, 5◦, 6◦,
c© 2012 RAS, MNRAS 000, 1–9
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Figure 10. Histograms of the χ2tot statistic for the spots at (l =
209◦, b = −57◦) obtained from 500 Monte Carlo simulations. The
observed statistic for WMAP ILC7 map is shown by the solid
vertical line (red online).
7◦, 8◦, 9◦, 10◦. Similar to many authors (Vielva et al. 2004;
Cruz et al. 2005, 2006; Zhang & Huterer 2010), we define
the statistics Sdisk and Kdisk as follows to study the non-
Gaussianity related to WMAP CS:
Sdisk(R) =
T coldestw (rˆ;R)
σw(R)
, (9)
Kdisk(R) =
1
Nspots
∑Nspots
i=1
T 4w(rˆi;R)
σ4w(R)
− 3. (10)
Here σw(R) is the standard deviation of the distribution of
all spots in a given map, and T coldestw (rˆ, R) is the coldest
spot in this distribution. From the definitions, we find that
Sdisk(R) describes the cold spot significance, and Kdisk(R) is
the kurtosis of spots in a given map. In Fig. 16 (left panels),
we present the values of Sdisk(R) and Kdisk(R) for differ-
ent scale parameter R. Both VW7 and ILC7 illustrate the
same results: the values of both Sdisk(R) and Kdisk(R) max-
imize at R ∼ 5◦. The results then are compared with 2000
randomly generated Gaussian simulations, with the exactly
same methodology applied. So we can get the probabilities of
simulations, which have the larger Sdisk(R) or Kdisk(R) than
those of WMAP data. These probabilities for both statistics
are also shown in Fig. 16 (right panel). So, similar to other
works (Vielva et al. 2004; Cruz et al. 2005; Zhang & Huterer
2010), we find that when R = 4◦ − 6◦, WMAP data have
the deviations from the Gaussian simulations, i.e. the cor-
responding probabilities for the statistics Sdisk(R) and/or
Kdisk(R) are smaller than 1%.
Figure 11. Same as Fig. 10, but ILC7 map is replaced by the
masked VW7 maps.
Now, let us study which multipoles account for the non-
Gaussianity above. We consider the original ILC7 map T (rˆ),
and expand it via spherical harmonic composition:
T (rˆ) =
∑
l,m
almYlm(rˆ), (11)
where Ylm are the spherical harmonics and alm are the corre-
sponding coefficients. Then the new map can be constructed
as follows:
T ′(rˆ) =
lmax∑
l=2
l∑
m=−l
almYlm(rˆ). (12)
It is clear that this new map includes only the low multipoles
l ∈ [2, lmax]. Thus, we can repeat the processes above, but
the ILC7 map T (rˆ) is replaced by T ′(rˆ). In the analyses, we
choose three cases with lmax = 20, lmax = 40 and lmax = 100
to study the effect of different multipoles, and show the re-
sults in Fig. 16 with circles, crosses and squares, respec-
tively. We find that for the statistic Sdisk(R), if the lowest
multipoles l 6 20 are considered, the values of the statis-
tic and the corresponding probabilities are quite close to
those gotten in the map including all the multipoles. These
clearly show that the coldness of CS are mainly encoded in
these lowest multopole range, which is consistent with the
conclusion in (Naselsky et al. 2010). While for the statistic
Kdisk(R), we find the WMAP data are quite normal for the
case with lmax = 20, compared with the Gaussian simula-
tions. However, if lmax = 40 is considered, the results for
both statistics are very close to those in the map with all
multipoles. So we conclude that WMAP CS reflects directly
c© 2012 RAS, MNRAS 000, 1–9
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Figure 12. Four statistics for the spot at (l = 209◦, b = −57◦).
Confidence regions obtained from 500 Monte Carlo simulations
are shown for 68 per cent (dark central region, red online) and 95
per cent (light outer region, yellow online) levels, as is the mean
(solid blue line). Note that the cosmic texture is superimposed
in each simulation. The observed statistics for WMAP ILC7 map
are shown by the solid dots (black online).
the peculiarities of the low multipoles l 6 40, which sug-
gests that CS should be a large-scale non-Gaussian struc-
ture, rather than a combination of some small structures.
This consists with our conclusion in Section 3.
5 CONCLUSIONS
Since the discovery of the non-Gaussian Cold Spot in
WMAP data, it has attracted a great deal of attention,
and many explanations have been proposed. To distinguish
them, in this paper we have studied the local properties of
WMAP CS at different scales by introducing the local statis-
tics including the mean temperature, variance, skewness and
kurtosis. Compared with the coldest spots in random Gaus-
sian simulations, WMAP CS deviates from Gaussianity at
∼ 99% significant level, and the non-Gaussianity of CS ex-
ists at all the scales 1◦ < R < 15◦. However, when compared
with the spots at the same position in the simulated Gaus-
sian maps, we found the significant excesses of local vari-
ance and skewness in the large scales R > 5◦, rather than
in the small scales. Furthermore, we found that the non-
Gaussianity caused by CS is totally encoded in the WMAP
low multipoles l 6 40. These all imply that WMAP CS is a
large-scale non-Gaussian structure, rather than the combi-
nation of some small structures.
Figure 13. Same as Fig. 12, but ILC7 map is replaced by the
masked VW7 maps.
It was claimed by many authors that the cosmic tex-
ture with a characteristic scale about 10◦, rather than other
mechanisms, could provide the excellent explanation for
WMAP CS. By comparing with the random simulations in-
cluding the similar texture structure, we found this non-
Gaussian structure could excellently explain the excesses of
the statistics. So our results in this paper strongly support
the cosmic texture explanation.
In the end of this paper, it is important to mention that
the non-Gaussianity of WMAP CS has been confirmed by
the new Planck observations (Planck Collaboration 2013) on
the CMB temperature. In the near future, the polarization
results of Planck mission will be released, which would play
a crucial role to test the WMAP CS, as well as to reveal its
physical origin (Cruz et al. 2007b).
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Figure 14. Histograms of the χ2tot statistic for the spots at (l =
209◦, b = −57◦) obtained from 500 Monte Carlo simulations. Note
that the cosmic texture is superimposed in each simulation. The
observed statistic for WMAP ILC7 map is shown by the solid
vertical line (red online).
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